Study Design. Retrospective study. Objective. To compare the long-term outcomes of correction surgery for Lenke 1A scoliosis patients among those with nonSubstantially Touched Vertebra (nSTV), nSTVþ1, or STV selected as lowest instrumented vertebra (LIV). Summary of Background Data. Previous studies have documented good outcomes when last touching vertebra (LTV) was selected as LIV; however, it is sometimes confusing to determine the proper LTV when central sacral vertical line (CSVL) slightly touches the vertebra. Methods. A total of 104 patients were included in the study with a minimum of 2-year follow-up after selective posterior thoracic instrumentation. STV was defined as the LTV where CSVL was between the pedicles or touching the pedicle. nSTV was defined as the LTV where CSVL was touching the corner of the vertebra lateral to the pedicle border. Patients with nSTV, nSTVþ1, or STV selected as LIV were assigned to three groups with clinical outcomes compared among them. Factors associated with the incidence of adding-on were analyzed. Results. Distal adding-on was observed in 23 patients (22.1%). The incidence of distal adding-on was significantly higher in nSTV group than STV group or nSTVþ1 group. Several risk factors significantly associated with adding-on were identified, including the distance between LIV and STV/nSTVþ1, preoperative proximal thoracic curve and sagittal vertical axis, postoperative lumbar lordosis, apical translation, trunk shift, and radiographical shoulder height. Logistic regression analysis showed that the distance between LIV and STV/nSTVþ1 (LIVÀSTV <0 or LIVÀ(nSTVþ1) <0) was the only independent factor associated with the incidence of adding-on (odds ratio ¼ 27.1, 95% confidence interval ¼ 2.3-311.2, P ¼ 0.002). Conclusion. Differentiating STV from nSTV properly can facilitate the determination of optimal LIV and decrease the incidence of distal adding-on. Selecting STV or nSTVþ1 as LIV could yield a promising outcome for Lenke 1A scoliosis patients undergoing selective posterior thoracic fusion.
A dolescent idiopathic scoliosis (AIS) is a complex three-dimensional deformity that constitutes the most common type of spinal deformity in puberty. Aiming to prevent further curve progression and to obtain a balanced spine, surgical treatment is usually performed in patients with curve exceeding 458. 1 Currently, with the goal of saving more mobile lumbar vertebral segments, selective fusion of the main thoracic curve has become the mainstay of operative treatments for AIS patients with Lenke type I. [2] [3] [4] [5] [6] [7] [8] Although spontaneous correction of the lumbar curve can be achieved after selective thoracic fusion, postoperative decompensation remains an annoying problem for its complex and consumptive management. Herein, proper determination of the fusion level before surgery is warranted to avoid such complication. 9 To date, numerous research have investigated the choice of fusion levels in patients with Lenke 1A curves, although selecting the optimal lower instrumented vertebra (LIV) remains controversial.
Previous studies have documented good outcomes when last touching vertebra (LTV), defined as the last cephalad vertebra touched by the CSVL, was selected as LIV 12 ; however, it might be confusing to determine the proper LTV when CSVL slightly touches the vertebra in clinical practice. Several classifications of LTV have been put forward in previous studies. Cho et al 13 proposed the concept of ''last substantially touched'' vertebrae, which was defined as the most proximal lumbar vertebra where the CSVL either intersected the pedicle outline or was medial to the pedicle outline. Lenke et al 14 reported a preliminary result concerning the classification of LTV in 2014. To our knowledge, there is still paucity of investigation that can determine the role of substantially touched vertebrae in correction surgery of Lenke 1A AIS. Hereby, we classify LTV into substantially touched vertebra (STV) and non-substantially touched vertebra (nSTV) according to the position of CSVL on the vertebra. This study was conducted to compare the long-term outcomes of correction surgery for Lenke 1A AIS among those with nSTV, nSTVþ1, or STV selected as LIV, and to investigate the risk factors for distal adding-on in Lenke type 1A curve.
MATERIALS AND METHODS
This study was approved by the university institutional review board. A cohort of 423 patients who received posterior thoracic fusion surgery at our institution from 2006 to 2012 was retrospectively reviewed. Patients were recruited into this study with the following criteria: aged from 11 to 18 years; Lenke type 1A; followed up more than 2 years; LTV or LTVþ1 selected as LIV. The demographic data were recorded including sex, curve magnitude, type of constructs used, and skeletal maturity evaluated by Risser sign and pelvic radiographs.
Radiographic Measurements
Radiographic measurements were performed on preoperative upright posteroanterior (PA) and lateral radiographs as well as right and left supine side-bending coronal radiographs. In addition, standing PA and lateral radiographs obtained immediately after surgery and at the final followup were also evaluated. The radiographical parameters measured included the Cobb angles of the proximal thoracic curves, main thoracic (MT) curves, and lumbar curves, the apical vertebral translation of the MT curve, LIV position relative to the CSVL, tilt of the first disc below the instrumentation, coronal balance, sagittal balance, and trunk shift. The clavicle angle, 12 radiographical shoulder height (RSH), 12 and T1 tilt angle were also included ( Figure 1 ). Coronal balance was measured between the coronal C7 plumbline (C7PL) and CSVL, with a value more than 20 mm defined as imbalance. 15 Sagittal balance was measured between C7PL and the posterior edge of sacrum [sagittal vertical axis (SVA)], with a value more than 50 mm defined as imbalance. 16 Trunk shift was measured between vertical trunk reference line and CSVL. 17 Curve flexibility was calculated as follows: (preoperative standing PA Cobb angle À side-bending Cobb angle)/preoperative standing PA Cobb angle Â 100 (%). 18 Curve correction was calculated by using the following formula: (preoperative standing PA Cobb angle À postoperative standing PA Cobb angle)/preoperative standing PA Cobb angle Â 100 (%). 18 The coronal balance, sagittal balance, clavicle angle, RSH, and T1 tilt were averaged using absolute values. Distal adding-on was defined as a progressive increase in the number of vertebrae within the distal curve, with (1) an increase of more than 5 mm in the deviation of the first vertebra below the instrumentation from the CSVL, or (2) an increase of more than 58 in the angulation of the first disc below the instrumentation. 19 All measurements were carried out by Surgimap (Spine Software, version 2.1.2, New York, NY). Two of the authors (X.Q. and W.S.) completed the measurement together. In addition, 30 patients were randomly selected to determine the intra-and inter-observer variability of the measurement. All the radiographic parameters of the selected patients were measured by the authors and then repeated twice. There was strong intraobserver and interobserver agreement for all the parameters with all the kappa Figure 1 . Definitions of the radiographic parameters. CSVL, central sacral vertical line, the vertical line that bisects proximal sacrum; clavicle angle, an angle between the horizontal line and the line through the upper endplate of clavicles; apical translation, the distance in millimeters from the CSVL to the mid-point of the apical vertebra; LIV-CSVL, the distance in millimeters from the CSVL to the mid-point of the lowest instrumented vertebra; disc tilt, the tilt angle of the first disc below the LIV. The mid-point of a vertebral body is determined by drawing a cross (Â) in the body: a line is drawn from the upper left corner to the lower right of the body/disc and from the upper right to the lower left of the body/disc. The intersection is the mid-point. The arrows indicate apical translation and LIV-CSVL distance. LIV indicates lower instrumented vertebra.
correlation coefficients exceeding 0.8. Therefore, the measured data were highly reliable, and the mean values of the data measured by the two investigators were recorded.
Classification of Patients
Patients were classified into three groups according to the location of LIV relative to LTV: nSTV group-the LIV was at the nSTV; nSTVþ1 group-the LIV was 1 level distal to nSTV; STV group-the LIV was at the STV. nSTV was defined as the LTV where CSVL touched the corner of the vertebra lateral to the pedicle border. STV was defined as the LTV where CSVL was between the pedicles or touching the pedicle (Figure 2) . Two of the authors (X.Q. and W.S.) attempted to identify the STV and nSTV from 30 radiographs. There was strong intraobserver agreement for determining the STV and nSTV with a kappa correlation coefficient of 0.87 and 0.83, respectively. A good interobserver agreement was also achieved for determining the STV and nSTV with a kappa correlation coefficient of 0.83 and 0.81, respectively.
In addition, to determine risk factors associated with the incidence of distal adding-on, patients were also grouped by the presence or absence of postoperative distal adding-on at the final follow-up, or grouped by similar sex.
Statistical Analyses
Analysis of variance was used to compare continuous variables among patients in the nSTV, nSTVþ1, and STV groups. The Student t test or chi-squared test was used to compare continuous or categorical variables between patients with and without distal adding-on. Factors related to the development of adding-on were further investigated by stepwise logistic regression analysis. Specifically, the distance between LIV and STV/nSTVþ1 was defined as the number of vertebrae between LIV and STV or between LIV and nSTVþ1. Statistical analyses were performed with SPSS 20.0 statistical software (SPSS Inc., Chicago, IL).
A P value less than 0.05 was considered statistically significant.
RESULTS

Clinical and Radiographic Features of the Patients
A total of 104 patients (19 males and 85 females) were included in the study. The mean age at the time of surgery was 15.8 AE 2.7 years. The mean follow-up time was 31.3 AE 16.2 months (24-83 months). Pedicle screw (PS) constructs were used in 90 patients, and hybrid constructs (hooks and PSs) were used in 14 patients.
Radiographic measurements of the patients were summarized in Table 1 . The mean preoperative Cobb angles of the thoracic and lumbar curves were 46.7 AE 6.38 and 26.4 AE 5.28, with mean flexibility of 53.1 AE 14.8% and 78.8 AE 13.0%, respectively. They were corrected to 11.3 AE 5.88 and 7.7 AE 4.28, with mean correction rates of 75.9 AE 11.3% and 69.9 AE 18.9%, respectively, at the final follow-up. Coronal and sagittal imbalance occurred in three and five patients, respectively. Distal adding-on was observed in 23 patients (22.1%) at the final follow-up. No patient required revision surgery for severe adding-on.
Comparison of Clinical Outcome Among nSTV, nSTVR1, and STV Groups
According to the classification of LIV as introduced previously, there were 64 cases with nSTV and 40 cases with STV. Patients were assigned to nSTV (n ¼ 21), nSTVþ1 (n ¼ 43), and STV (n ¼ 40) groups according to the location of the LIV (Figures 3-5 ). As shown in Table 2 , patients in each group were matched in terms of preoperative clinical and radiographical factors. At the final follow-up, the incidence of adding-on was significantly higher in the nSTV group than the STV group (66.7% vs. 10.0%, P < 0.01) or the nSTVþ1 group (66.7% vs. 11.6%, P < 0.01). Similarly, patients in the nSTV group were found to have significant increase in the LIV position relative to the CSVL (14.7 mm), the tilt of the first disc below the instrumentation (5.68) and apical translation (19.4 mm) as compared with those in nSTVþ1 group (6.7 mm, 2.78, 12.9 mm) or STV group (6.4 mm, 2.28, 9.6 mm). Moreover, there was no significant difference between the nSTVþ1 group and the STV group with regard to the incidence of adding-on, the LIV position relative to the CSVL, the tilt of the first disc below the instrumentation and apical translation ( Table 2) .
Clinical and Radiographical Factors Related to the Incidence of Distal Adding-on
Comparison between patients with and without distal adding-on at the final follow-up showed that there was a significant difference in the distance between the LIV and STV/nSTVþ1 (Table 3) . Adding-on developed in 66.7% of the patients with LIV proximal to STV/nSTVþ1. Besides, patients with distal adding-on were found to have a significantly smaller preoperative proximal thoracic Cobb angle, a larger preoperative SVA, a larger postoperative lumbar lordosis and a smaller postoperative vertical trunk reference line and CSVL. The apical translation immediately after surgery was significantly larger in patients with adding-on. The postoperative RSH was significantly smaller in patients with adding-on. There were no significant differences between sex, type of construct, or Risser grade between the two groups (Table 3) . We also used triradiate cartilage to determine skeletal maturity. Of 104, 86 patients had clear images of triradiate cartilage. They were classified into open triradiate cartilage (OTRC, n ¼ 11) and closed triradiate cartilage (CTRC, n ¼ 75) groups. OTRC patients had higher incidence of distal adding-on than CTRC patients (27.3% vs. 21.3%, P ¼ 0.657), but with no significant difference.
The logistic regression showed that the distance between the LIV and STV/nSTVþ1 (LIV-STV<0 or LIV-(nSTVþ1)<0) had significant association with the incidence of adding-on (odds ratio [OR] ¼ 27.1, 95% confidence interval ¼ 2.3-311.2, P ¼ 0.002). Figure 3 . nSTV group: a 13-year-old girl with adding-on at the final follow-up. L1 was nSTV, which was selected as LIV. Cobb angle was 508 before surgery, 138 immediately after surgery, and 228 at final follow-up. LIV indicates lower instrumented vertebra; nSTV, non-substantially touched vertebra.
Factors Related to the Incidence of Distal Adding-on in Female or Male Group
A total of 104 patients were classified into two groups by similar sex: 85 patients in the female group and 19 patients in the male group. Distal adding-on was observed in 19 patients (22.4%) in the female group, and 4 patients (21.1%) in the male group. The distance between LIV and STV/nSTVþ1 was the only independent factor associated with the incidence of adding-on for each group (OR ¼ 27.8 for female, OR ¼ 26.6 for male).
DISCUSSION
Determination of spinal fusion level plays an important role in the successful surgical treatment of AIS. The first guideline to determine the fusion levels was set by KingMoe in 1983 for Harrington instrumentation. Early fusion recommendation included fusing to lower neutral or one level beyond the neutral vertebra (NV) to prevent postoperative adding-on in Lenke type 1A curve. 21 -23 King et al 24 observed fusing to NV resulted in adding-on phenomenon in 62% of cases, and thus recommended to end the fusion at the ''stable'' vertebra to place the fusion mass on a stable basis; however, this guideline was less applicable with the introduction of more powerful segmental instrumentation in 1990s. 20 The concept of stable vertebra fusion introduced by King was based on their experience with Harrington instrumentation using twopoint distraction and uniplanar force. In system using derotation and three-dimensional force for correction of the deformity, stable vertebra might be different from vertebra determined to be stable before surgery because spinal derotation might bring vertebrae proximal to the stable vertebra into the stable zone by three-dimensional rotational displacement.
Lenke et al 2 proposed a new classification adapted to posterior segmental instrumentation to overcome the shortcomings of King-Moe classification. Although the new Lenke classification is helpful to guide which curves to fuse, it does not clearly define the segments to be fused. Suk et al 9 suggested the curve should be fused down to NV when preoperative NV and end vertebra showed no more than two-level gap differences. When the gap was more than two levels, fusion down to NV-1 was satisfactory. 9 Although NV might be a good choice for LIV, previous literature has pointed out the low inter-and intraobserver reliability of NV selection, which limits the application of NV chosen to be LIV. 25 Hence, the choice of fusion levels, especially the selection of LIV remained to be discussed in the fusion of AIS with Lenke 1A curves.
Matsumoto et al 12 analyzed 112 Lenke 1A scoliosis patients, and distal adding-on was observed in 21 patients CSVL indicates central sacral vertical line; LIV, lowest instrumented vertebra; MT, main thoracic; nSTV, non-substantially touched vertebra; nSTVþ1, one level distal to nSTV; PS, pedicle screw; PT, proximal thoracic; RSH, radiographical shoulder height.
at follow-up. The authors found the LIV more cranial to the LTV was significantly associated with adding-on, and recommended to extend the LIV at least to the LTV to avoid postoperative adding-on. Also, Lenke et al 14 reviewed 65 cases of Lenke 1A AIS curves and found using the LTV as the LIV determinant for Lenke 1A AIS curves produced excellent LIV positioning at a minimum 5-year follow-up. LTV seems to be a promising guide in selection of LIV in correction surgery of Lenke 1A AIS. In our study, LTV was classified into STV and nSTV according to the position of CSVL on the vertebra. Patients fused to nSTV tended to have less ideal outcome, such as a higher incidence of distal adding-on with 66.7%, and a larger apical translation with 19.4 mm. It is worth mentioning that most patients fused to STV or nSTVþ1 had favorable outcome with lower incidence of distal adding-on and smaller apical translation. Collectively, it is important to properly differentiate STV from nSTV. Using this classification may be helpful in determination of proper LIV and decrease the incidence of distal adding-on.
In this study, adding-on was observed in 22.1% of the patients at the final follow-up. In previous studies, the incidence of adding-on was reported to range from 12.9% to 51.1%. patients with single thoracic AIS, and postoperative distal adding-on was observed in 4 patients. Wang et al 19 reviewed 45 Lenke 1A scoliosis patients, and postoperative distal adding-on was observed in 51.1% of them. In current study, we further investigate radiographical risk factors associated with adding-on. Univariate analyses identified several factors significantly associated with adding-on, such as the distance between the LIV and STV/nSTVþ1, postoperative apical translation and RSH. Matsumoto et al 12 found residual apical translation of MT curve was significantly associated with adding-on. It could be speculated that the vertebra below LIV might tend to shift toward the apex to accommodate the large translation when the apex is distant from the CSVL. Cao et al 27 found the postoperative shoulder balance and postoperative distal adding-on were weakly but significantly associated with each other. More unfused mobile lumbar vertebral segments in patients with adding-on might compensate for postoperative shoulder imbalance. Through stepwise logistic regression analysis, we found that the distance between the LIV and STV/ nSTVþ1 was the strongest indicator of adding-on. Namely, adding-on was more likely to take place when the LIV was cranial to the STV or nSTVþ1 (OR: 27.1). On the basis of these findings, it seems that the LIV should be extended to or beyond STV/nSTVþ1 so as to avoid the postoperative distal adding-on in Lenke 1A scoliosis patients.
In previous studies, skeletal maturity was also reported to be associated with distal adding-on. Schlechter et al 28 concluded that less mature patients were more likely to experience adding-on; however, we found there was no significant difference of Risser grades between adding-on and nonadding-on groups in the current study. We further used triradiate cartilage to determine skeletal maturity, but no significant difference of distal adding-on incidence was observed between the OTRC and CTRC groups. As the Risser sign and the triradiate cartilage method might be crude to determine skeletal maturity, whether the skeletal maturity is associated with distal adding-on remains inconclusive. Newer methods such as the digital method, the olecranon method, or the Distal Radius and Ulna Classification should be applied to determine skeletal maturity and to distinguish whether the adding-on group was less mature in the future study.
There are two limitations in the study. First, clinical outcome measurements, such as SRS questionnaires, were not used in this study because not all the patients had completed those questionnaires. Second, our findings could be biased by the relative small number of patients with adding-on. Future study with a larger sample size is warranted for a sound conclusion.
CONCLUSION
Differentiating STV from nSTV properly can facilitate the determination of optimal LIV and decrease the incidence of distal adding-on. Moreover, the distance between LIV and STV/nSTVþ1 was a significant factor associated with postoperative distal adding-on. Selecting STV or nSTVþ1 as LIV could yield a promising outcome for Lenke 1A scoliosis patients undergoing selective posterior thoracic fusion surgery.
Key Points
The last cephalad vertebra touched by the CSVL was classified into STV and nSTV according to the position of CSVL on the vertebra. The incidence of distal adding-on was significantly higher in the nSTV group than the STV group or the nSTVþ1 group. The distance between LIV and STV/nSTVþ1 was a significant risk factor associated with postoperative distal adding-on.
